The etiology and pathophysiology of anxiety and mood disorders is linked to inappropriate regulation of the central stress response. To determine whether microRNAs have a functional role in the regulation of the stress response, we inactivated microRNA processing by a lentiviral-induced local ablation of the Dicer gene in the central amygdala (CeA) of adult mice. CeA Dicer ablation induced a robust increase in anxiety-like behavior, whereas manipulated neurons survive and appear to exhibit normal gross morphology in the time period examined. We also observed that acute stress in wild-type mice induced a differential expression profile of microRNAs in the amygdala. Bioinformatic analysis identified putative gene targets for these stress-responsive microRNAs, some of which are known to be associated with stress. One of the prominent stress-induced microRNAs found in this screen, miR-34c, was further confirmed to be upregulated after acute and chronic stressful challenge and downregulated in Dicer ablated cells. Lentivirally mediated overexpression of miR34c specifically within the adult CeA induced anxiolytic behavior after challenge. Of particular interest, one of the miR-34c targets is the stress-related corticotropin releasing factor receptor type 1 (CRFR1) mRNA, regulated via a single evolutionary conserved seed complementary site on its 3Ј UTR. Additional in vitro studies demonstrated that miR-34c reduces the responsiveness of cells to CRF in neuronal cells endogenously expressing CRFR1. Our results suggest a physiological role for microRNAs in regulating the central stress response and position them as potential targets for treatment of stress-related disorders.
Introduction
In response to stress, the brain activates various neuronal systems designed to adapt to the demand (Joëls and Baram, 2009 ). Inappropriate regulation, disproportional intensity, or chronic and/or irreversible activation of the stress response is linked to the etiology and pathophysiology of anxiety and mood disorders (de Kloet et al., 2005; McEwen, 2007) . MicroRNAs (miRNAs) are a subset of endogenous small RNA molecules that regulate gene expression posttranscriptionally. Much is known regarding miRNA biogenesis and function (Bartel, 2009; Carthew and Sontheimer, 2009; Chekulaeva and Filipowicz, 2009; Kim et al., 2009; Fabian et al., 2010) . Briefly, miRNA primary transcripts are cleaved into a ϳ70 nt pre-miRNA that is further processed by Dicer into an RNA duplex of ϳ20 bp. A mature single-strand miRNA is then incorporated, in a Dicer-dependent process (Krol et al., 2010a) , into the miRNA-induced silencing complex in which it induces translational repression or mRNA destabilization by base-pair targeting of mRNAs. miRNAs were shown to respond to various cellular stressors (Leung and Sharp, 2010) and are abundant in the nervous system, but research has mainly focused on neurons in the context of development and neurodegenerative disorders (Kim et al., 2007; Schaefer et al., 2007; Cuellar et al., 2008; Davis et al., 2008; De Pietri Tonelli et al., 2008; Dugas et al., 2010; Li and Jin, 2010; Zhao et al., 2010) . It has been suggested that miRNAs play a role in psychiatric disorders such as schizophrenia and autism (Tabarés-Seisdedos and Rubenstein, 2009; Beveridge et al., 2010; Kim et al., 2010; Fénelon et al., 2011) and drug addiction Schaefer et al., 2010) . Interestingly, miRNAs were recently implicated in the mechanism of action of antidepressants (Baudry et al., 2010) . Several studies have suggested that miRNAs are involved in normal adult brain mechanisms, such as neural plasticity and memory (Ashraf and Kunes, 2006; Edbauer et al., 2010; Wibrand et al., 2010) , sleeprelated processes (Davis et al., 2007) , and circadian-clock modulation (Cheng et al., 2007) . The amygdaloid complex is well established as a major element in fear integration and response generation, to both learned and unlearned threats (Rogan and LeDoux, 1996; Roozendaal et al., 2009) . The central amygdala (CeA) involvement in the stress response is well documented and was studied in the context of different neuromodulators, such as corticotropin releasing factor (CRF) (Koob and Heinrichs, 1999 In this study, we aimed to elucidate the role of miRNAs in the adult amygdala, in the context of stress-related behavior. Toward this end, we studied the effect of miRNA depletion specifically in the CeA, on anxiety-like behavior in adult mice. We explored the physiological role of miRNAs in the regulation of the stress response, by examining amygdalar miRNA expression profile after acute restraint stress. We further demonstrated anxiolytic properties for miR-34c overexpression in the central amygdala and uncovered a role for miR-34c as a regulator of CRF signaling.
Materials and Methods

Animals
Dicer flox /Dicer flox mice (Harfe et al., 2005) were bred with Rosa26-Reporter-yellow fluorescent protein mice (R26R-YFP) (Srinivas et al., 2001) for several generations until all offspring carried both alleles homozygously. These double homozygous progeny were used for the CeA self-deleting Cre recombinase (sdCre) injections (CeA-Dicer-KO) experiments and the neuronal primary culture experiments. Adult male C57BL/6 (Harlan) or C57BL/6J ϫ 129SvJ background male mice (when specified) were used for miRNA profiling after stress. Adult male C57BL/6 mice were used for the miR-34 overexpression experiments. All mice, aged 11-16 weeks at the beginning of experiments, were kept on a 12 h light/dark cycle, with food and water available ad libitum. Animals were handled according to approved protocols and animal welfare regulations of the Weizmann Institute of Science Ethics Committee.
Acute restraint stress and chronic social defeat stress
For the acute restraint stress, male mice were introduced into a perforated 50 ml conical tube for 30 min as described previously (NeufeldCohen et al., 2010a) , and brains were dissected 90 min after stress initiation. To induce chronic social defeat stress, 8-week-old C57BL/6 mice were subjected to a social defeat protocol as described previously (Elliott et al., 2010) and based on the study of Krishnan et al. (2007) . Briefly, mice were placed in the home cage of an aggressive ICR mouse, and they physically interacted for 5 min. During this time, the ICR mouse attacked the intruder mouse, and the intruder displayed subordinate posturing. A perforated clear Plexiglas divider was then placed between the animals, and they remained in the same cage for 24 h to allow sensory contact. The procedure was then repeated with an unfamiliar mouse for each of the next 10 d. Brains were dissected 2 weeks after the last day of defeat procedure.
Lentiviral vectors design and production
miR-34c overexpression vectors were cloned as follows: the enhanced form of human synapsin I promoter (Hioki et al., 2007) was PCR amplified (forward primer, ttttttatcgatctcgagtagttattaatagtaatc; reverse primer, ttttttaccggtggcgcgcccgccgcagcgcagatggt) from pENTR1A-E/SYN-GFP-WRPE1 (kindly provided by Dr. Takeshi Kaneko, Department of Morphological Brain Science, Graduate School of Medicine, Kyoto University, Kyoto, Japan) and inserted between ClaI and AgeI restriction sites to replace the CMV promoter in pCSC-SP-PW-IRES/green fluorescent protein (GFP) (kindly provided by Dr. Inder Verma, The Salk Institute for Biological Studies, La Jolla, CA). The miR-34c-EGFP sequence was cut from pEGFP-N1-miR-34c (see below, Luciferase assay constructs) plasmid and ligated into pCSC-Esyn-IRES/GFP using BamHI and BsrGI, replacing the original IRES/GFP sequence (as a control, EGFP was cut from pEGFP-N1 using BamHI and BsrGI to replace the IRES/GFP sequence).
sdCre (Pfeifer et al., 2001) or GFP viral constructs have been kindly provided by Dr. Inder Verma. High-titer (10 9 viral particles/ml) lentiviruses were produced as described previously (Tiscornia et al., 2006) . In brief, recombinant lentiviruses were produced by transient transfection in HEK293T cells. Infectious particles were harvested at 48 and 72 h after transfection, filtered through 0.45 m pore cellulose acetate filters, concentrated by ultracentrifugation, redissolved in sterile HBSS, aliquoted, and stored at Ϫ80°C.
Stereotactic intracranial injection
A computer-guided stereotaxic instrument and a motorized nanoinjector (Angle Two Stereotaxic Instrument; myNeurolab) were used. Mice were anesthetized using ketamine (100 mg/kg)/acepromazine (4 mg/kg)/ xylazine (10 mg/kg) mix administered intraperitoneally and placed on a stereotaxic apparatus. One microliter of the lentiviral preparation was delivered to each central amygdala using a Hamilton syringe connected to a motorized nanoinjector system at a rate of 0.2 l/min [coordinates relative to bregma: anteroposterior (AP), Ϫ1.58 mm; mediolateral (ML), Ϯ3.52 mm; dorsoventral (DV), Ϫ5.05 mm, based on a calibration study indicating these coordinates as leading to the CeA in Dicer flox/flox strain; and AP, Ϫ1.22 mm; ML, Ϯ2.6 mm; DV, Ϫ4.75 mm leading to the CeA in C57BL/6J strain]. Mice were subjected to behavioral studies after a 2 week recovery period.
Tissue preparation and immunohistochemistry
Animals were anesthetized with chloral hydrate (1.4 g/g body weight, i.p.) and perfused transcardially with 10 ml of PBS, followed by 100 ml of 2.5% paraformaldehyde. PFA fixed brains were postfixed in 2.5% PFA ϩ 30% sucrose for Ͼ24 h before sectioning. Sequential 30 m microtome coronal sections were collected and stored in 4°C PBS.
For GFP immunostaining, we used biotinylated anti-GFP antibody raised in rabbit as primary antibody (Abcam) and streptavidinconjugated Cy2 for secondary detection (Jackson ImmunoResearch). In a few cases, some infected cells were also detected in regions outside the CeA, such as the basolateral amygdala (BLA), internal and external capsules, and basal ganglia. For NeuN immunostaining, we used anti NeuN antibody raised in mouse, with M.O.M. blocking and diluent reagents according to the instructions of the manufacturer (Vector Laboratories). Cy3 anti-mouse (Jackson ImmunoResearch) was used as a secondary antibody for NeuN staining. Nuclei were stained using 1.62 M Hoechst 33342 trihydrochloride, trihydrate (Invitrogen). For glial fibrillary acidic protein (GFAP) immunostaining, we used anti-GFAP antibody raised in rabbit as primary antibody (Dako), and streptavidin-conjugated Cy3 for secondary detection (Jackson ImmunoResearch). Calculation of GFAP intensity was similar to reported previously (Haramati et al., 2010) . NIH ImageJ Software (National Institutes of Health, Bethesda, Maryland; http://imagej.nih.gov/ij/) was used to quantify GFAP intensity in identical rectangular areas encompassing the infected region, in three amygdala sections per mouse (n ϭ 4 per group).
Calculation of cellular density after sdCre versus GFP infection
Three animals with the highest infection rate in each group (CeA-sdCre or CeA-GFP) were selected for this analysis. Two to five 30-m-thick slices were selected from each brain for the quantification. Sections were labeled using anti-GFP antibody to label infected cells and Hoechst to label nuclei (as reported in the immunohistochemistry section). The infected region was defined using the anti-GFP fluorescence, and Hoechst-labeled nuclei were counted only within the borders of this region. Cell density was calculated as number of nuclei counted per infected area (300 -1000 nuclei per infected region per slice were counted, and volume was calculated by considering slice thickness and area of infection per slice). Cell density was averaged within animal, and Student's t test was computed between the two groups of n ϭ 3 mice. Cell counts are presented as ϫ10,000 cells/mm 3 .
Primary cortical and amygdalar culture
Embryos separated from the uterus of a female mouse carrying both conditional Dicer alleles (Dcr flox/flox ) and conditional R26R-YFP reporter alleles, were decapitated, and brains were isolated. Cortices and amygdalae were dissected and collected into HBSS medium containing trypsin. The tissue was mechanically dissociated, and cells were plated on poly-L-lysine-coated (15 mg/ml) 13 mm round glass coverslips in 24-well culture plates, containing MEM with 10% serum. Several hours after plating, the medium was replaced with Neurobasal medium supplemented with B27 (Invitrogen). Culture was grown for 2 weeks, to obtain mature culture before infecting with sdCre-expressing lentiviruses. Ten microliters of concentrated virus were added to each well in 250 l of growth medium. At 6 h after infection, 600 l of growth medium was added to each well.
Amygdala punches
Mice were decapitated, and brains were released into a metal 1 mm brain matrix. Stainless-steel-coated single-edge blades were inserted into rele- Figure 1 . In vivo depletion of Dicer in mice central amygdala leads to an increase in anxiety-like behavior. A, Schematic representation of site-specific deletion of Dicer in the CeA using conditional Dicer mouse model and a lentiviral-mediated Cre expression. Lentiviruses expressing sdCre were injected into the CeA of mice carrying both floxed-dicer and floxedtranscriptional "stop"-YFP alleles at the age 9 -10 weeks. Infected cells in the amygdala undergo Cre-mediated recombination of loxP sites, leading to the ablation of Dicer gene and the induction of YFP expression. In the dark/light transfer test, two-tailed Student's t test revealed that CeA-DCR-KO mice (n ϭ 7) spent significantly less time in light (B), visited the illuminated chamber significantly fewer times (C), and traveled a significantly shorter distance in the light chamber compared with CeA-GFP controls (D) (n ϭ 7). E, F, Representative traces of CeA-GFP control (E) and CeA-DCR-KO (F ) activity in the DLT as recorded by the VideoMot system (TSE Systems). In the open-field test, two-tailed Student's t test revealed that CeA-DCR-KO mice (n ϭ 6) spent significantly less time in the center of the OF arena (G) and had a tendency toward longer latency to enter the center compared with CeA-GFP controls (H ) (n ϭ 6), whereas total distance traveled in the OF arena was not affected (I ). J, K, Representative traces of CeA-GFP control (J ) and CeA-DCR-KO (K ) activity in the OF arena as recorded by the VideoMot system (TSE Systems). L, Home-cage locomotion is similar for CeA-DCR-KO and CeA-GFP mice. Insets represent average light-or dark-phase locomotion over 4 d of testing (repeated-measures two-way ANOVA; dark, p ϭ 0.91; light, p ϭ 0.45). All behavioral tests were administered 2-7 weeks after viral injection. M, Plasma corticosterone levels as measured by ELISA under basal conditions (0) and 30, 90, and 150 min after acute restraint stress (n ϭ 4 and 5, Cre and control, respectively). DCR, Dicer. Bars represent mean Ϯ SEM. *p Ͻ 0.05, # p Ͻ 0.1.
vant slits 2 mm apart and pulled with brain slice mounted. Punches were taken from slightly frozen slices using a blunt-end micro dissecting needle of desired diameter (14 gauge), released into an Eppendorf tube and immediately frozen on dry ice. Punches were kept at Ϫ80°C and further processed for RNA extraction.
Total RNA extraction
Total RNA was isolated using miRNeasy kit (Qiagen) to preserve miRNAs. Frozen brain punches were transferred into lysis buffer and immediately homogenized. Neuronal primary cultures or N2a cell cultures were lysed in-well, on ice. Additional processing was done according to the recommendations of the manufacturer. RNA extracts were stored at Ϫ80°C until use.
miRNA Array miRNA differential expression was assayed by Agilent or Affymetrix miRNA microarrays, according to the instructions of the manufacturer. For the assessment of miRNA differential expression using the Agilent array, 100 ng of total RNA per sample (three control samples and two acute stress samples) were each labeled and hybridized according to the instructions of the manufacturer. Arrays were scanned using an Agilent microarray scanner. The data were extracted using the Agilent Feature Extraction software version 9 and analyzed using Partek Genomics Suite (Partek). Data from the GeneView.txt files were subject to log transformation and quantile normalization. For the assessment of miRNA differential expression using the Affymetrix array, 1 g of total RNA per sample (two control samples and two acute stress samples) were each labeled and hybridized according to the instructions of the manufacturer. Arrays were scanned using an Affymetrix microarray scanner. The data were extracted using the Affymetrix scanner software and normalized using the default parameters of the Affymetrix miRNAQCtool software (background adjustment, quantile normalization, log transformation, and threshold determination). The normalized data from the four files were imported into Partek Genomics software. Genes not presented in any of the microarrays were filtered out. Because of the difference in miRNA distribution, different log ratio cutoffs (corresponding to ϳ1 SE for each array) were chosen for each array: 0.2 for Agilent and 0.4 for Affymetrix. miRNAs with log ratios greater than the cutoff were compared between arrays, and the common miRNAs are reported.
Behavioral paradigms
All behavioral tests were performed during the dark phase of the circadian cycle as described previously (Neufeld-Cohen et al., 2010a,b; Kuperman et al., 2010; Sztainberg et al., 2010) .
Open-field, dark/light transfer, and elevated plus maze tests.
The openfield (OF) apparatus consists of a white Plexiglas box (50 ϫ 50 ϫ 40 cm) with a lamp directed to the center of the field providing a 120 lux illumination on the floor. Each mouse was placed in the corner of the apparatus to initiate a 10 min test session.
The dark/light transfer (DLT) test apparatus is a rectangular Plexiglas box divided by a partition into two environments: a dark compartment (14 ϫ 27 ϫ 26 cm) and a brightly illuminated (1000 -1100 lux) light compartment (30 ϫ 27 ϫ 26 cm). The compartments are connected by a small passage in the bottom center of the partition. The mice were placed in the dark compartment to initiate the test session. All four paws must enter a compartment to qualify as a transfer. Each mouse was tested in a single 5 min session during the dark phase of the circadian cycle.
The elevated plus maze (EPM) apparatus consists of a gray polyvinyl chloride maze, comprising a central part ( Behaviors were recorded using a camera mounted above the apparatus and analyzed by TSE software VideoMot2 (TSE Systems).
Home-cage locomotion. Locomotor activity was examined over a 96 h period, which proceeded several days of habituation. Mice were single housed in specialized home cages, and locomotion was measured using an infrared-based automatic system (InfraMot; TSE Systems).
Corticosterone measurements
Plasma corticosterone levels were measured by ELISA as described previously (Neufeld-Cohen et al., 2010a) . New cohorts of AMY-DCR-KO and control mice were single housed 24 h before testing. Tail blood (20 l) was collected under basal "no-stress" condition and at several time points (30, 90, and 150 min) after initiation of acute 30 min restraint stress (by introduction into a ventilated 50 ml tube). Bleeding was induced by cutting the tip of the tail, and blood was collected by a desig- Neuronal identity of infected cells was assessed using immunohistochemistry for NeuN (red). D, Confocal image of neurons stained for both GFP and NeuN (arrows) at the infection site. Some non-infected neurons, negative for GFP (#), and infected non-neuronal cells, negative for NeuN (star), can also be identified in the field. E-G, An isolated, single DCR-KO neuron (found at the periphery of injection) stained both for NeuN (E) and GFP (F ). G, Merge photomicrograph of E and F. H, Cortical primary neurons derived from E18 mouse embryos carrying both conditional Dicer alleles (Dcr flox/flox ) and conditional R26R-YFP reporter alleles, after sdCre infection, express YFP and appear to exhibit intact gross morphology and synaptic associations 5 d after sdCre introduction. I, Semiquantitative RT-PCR for Dicer or control (S16) mRNA derived from uninfected primary neurons (None) or primary neurons infected with sdCre-expressing lentiviruses (Cre), 5 d after infection. J, Densitometry analysis for Dicer expression normalized to S16 expression, presented as ratio compared with non-infected control (None). CeC/CeL/CeM, Central amygdaloid nucleus, central, lateral, and medial divisions, respectively. nated pipette into an Eppendorf tube containing 5 l of 0.5 M EDTA, pH 8.0, and kept on ice. Plasma was separated by centrifugation and kept at Ϫ20°C until use. Two microliters of plasma per sample were used for measurement. Plasma corticosterone levels were measured by ELISA (Cayman Chemical Company) according to the instructions of the manufacturer.
Primers for mRNA RT-PCR
The following primers were used: corticotropin releasing factor receptor type 1 (CRFR1) RT-qPCR oligonucleotide primers, 5Ј-TGCCAGGA-GATTCTCAACGAA-3Ј and 5Ј-AAAGCCGAGATGAGGTTCCAG-3Ј; CRFR2 RT-qPCR oligonucleotide primers, 5Ј-TACCGAATCGCCCTC-ATTGT-3Ј and 5Ј-CCACGCGATGTTTCTCAGAAT-3Ј; HPRT RT-qPCR oligonucleotide primers: 5Ј-GCAGTACAGCCCCAAAATGG-3Ј and 5Ј-GGTCCTTTTCACCAGCAAGCT-3Ј; Dicer oligonucleotide primers, 5Ј-CACGCCTCCTACCACTACAACA-3Ј and 5Ј-CCTGGAGAATGCTGCC-GTGGGT-3Ј.
Intensities of Dicer and S16 DNA bands were calculated using NIH ImageJ Software. Dicer expression levels were normalized to S16 levels.
miRNA RT-qPCR expression analysis
Quantitative miRNA expression was acquired and analyzed using an AB 7500 thermocycler (Applied Biosystems). RNA samples were assayed using miScript reverse transcription kit and SYBRGreen PCR kit (Qiagen) according to the guidelines of the manufacturer. U6 snRNA was used as an internal control.
Each of the following oligonucleotide primers was used in addition to the universal primer supplied with the miScript kit (Qiagen): miR-34c, 5Ј-AGGCAGTGTAGTTAGCTGATTGC-3Ј; miR-34a, 5Ј-TGGCAGT-GTCTTAGCTGGTTGT-3Ј; miR-15b, 5Ј-TAGCAGCACATCATGGTT-TACA-3Ј; miR-100, 5Ј-AACCCGTAGATCCGAACTTGTG-3Ј; miR-92a, 5Ј-TATTGCACTTGTCCCGGCCTG-3Ј; and U6 snRNA, 5Ј-GATGACACGCAAATTCGTGAA-3Ј.
miRNA upregulation in vivo is presented as fold change relative to the no-stress control group or to the GFP-infected control group. miR-34c upregulation in cells is presented as fold change relative to GFP transfection/infection (because HEK293T and N2a cells appear to endogenously express very low levels of miR-34c, fold change relative to control is robustly enhanced yet reflects similar overall levels to those overexpressed in vivo).
Luciferase assay constructs and procedure
Cloning of miR-34c/a into pEGFP-N1. PremiRNA DNA fragment was PCR amplified from mouse genomic DNA using primers that include AgeI overhangs: pre-miR-34c, 5Ј-GGGCAC-CGGTCATATGGGCAGCGACTAGAGTCAA-CC-3Ј and 5Ј-GGGCACCGGTCCCAAAC-CACTAATAGTATGGTAAGAA-3Ј; pre-miR34a, 5Ј-CGCGACCGGTCATATGATCTTT-CTCCCGCAGCCTCT-3Ј and 5Ј-CCGCACCG-GTGCATCCCATACCCACCAGTA-3Ј. PCR fragment was inserted in a single AgeI site between the CMV promoter and EGFP coding sequence in the pEGFP-N1 vector (Clontech). Cloning orientation was verified by diagnostic cuts followed by sequencing.
Cloning of 3Ј UTRs into PsiCHECK2 luciferase expression plasmid. CRFR1-3Ј UTR sequence was PCR amplified from mouse genomic DNA (primers: 5Ј-TTCCACAGCATCAAGCAGTC-3Ј and 5Ј-CCCAGCAGAGTGAACGTCTT-3Ј). PCR fragment was ligated into pGem-T easy vector (Promega) according to the guidelines of the manufacturer and further subcloned into a single NotI site at the 3Ј end of luciferase in the Psi-CHECK2 reporter plasmid (Promega). Cloning orientation was verified by diagnostic cuts followed by sequencing. A mutated form of CRFR1-3Ј UTR lacking all 8 bases of miR-34 conserved seed-match sequence was established by generating two partially complementary PCR fragments, used as templates for ligation PCR (primers: 5Ј-GGATTTCATCAGCACTGTGGATCCTGGAAA-GCCCTGCCTTG-3Ј and 5Ј-CAAGGCAGGGCTTTCCAGGATCCA-CAGTGCTGATGAAATCC-3Ј, each used with one of the aforementioned primers). The mutated PCR fragment lacks all 8 bases of miR-34 conserved seed-match sequence and includes a new BamHI restriction site to facilitate diagnostics. It was further cloned as described for the intact form.
Transfections and luciferase assay in HEK293T cells. Cells were grown on poly-L-lysine in 24-well format to a 70 -85% confluency and transfected using polyethyleneimine or Lipofectamine with the following plasmids: 10 ng of psiCHECK-2-3Ј UTR plasmid and 430 ng of pEGFPmiR-34c or empty pEGFP overexpression plasmids. At 48 h after transfection, cells were lysed, and luciferase reporter activity was assayed as described previously (Chen et al., 2005) . Renilla luciferase values were normalized to control firefly luciferase levels (transcribed from the same vector but not affected by 3Ј UTR tested) and averaged across three-to eight-well repetitions per condition. Data presented are the average of two experiments.
Infections, transfections, and luciferase assay in N2a cells. N2a cells were infected in single wells of 24-well plates, with 10 l of concentrated viruses (either LV-E/syn-miR-34c, LV-E/syn-miR-34a or LV-Esyn-EGFP) in 250 l of growth medium. At 6 h after infection, 600 l of growth medium was added to each well. Cells were passaged and underwent a second cycle of infection to achieve a stable line with high infection efficiency. For transfection, cells were grown on poly-L-lysine in 24-well plates to a 70 -85% confluency and transfected using Lipofectamine 2000 (Invitrogen) with the following plasmids: 600 ng of cAMP-RE-Luciferase (kindly provided by Marc Montminy, The Salk Institute for Biological Studies, La Jolla, CA) and 50 ng of pRL-Elf1 as a normalizer (Control Renilla Vector modified from Promega). At 24 h after transfection, cells were treated in DMEM with either 0.1% BSA or CRF (314, 157, and 31.4 nM) in 0.1% BSA for 5 h. After treatment, cells were lysed, and luciferase reporter activity was assayed as described previously (Chen et al., 2005; Kuperman et al., 2011) . Firefly luciferase values were normalized to Renilla luciferase levels (transcribed by the general Elf1 promoter, which was not affected by the CRF treatment) and averaged across three well repetitions per condition.
Statistical analysis
Data are expressed as mean Ϯ SEM. Statistical significance was determined by two-tailed Student's t test or two-way ANOVA followed by post hoc Student's t test when specified. Asterisks representing post hoc comparisons are presented in figures only when interaction between variables is significant (p Ͻ 0.05) or near significant (p Ͻ 0.1) after ANOVA.
Results
In vivo depletion of Dicer in mice central amygdala leads to an increase in anxiety-like behavior To examine the possible role of amygdalar miRNAs in mediating behavioral changes associated with the central stress response, we studied the effect of miRNA depletion in the CeA of adult mice, on anxiety-like behavior. Dicer-1 is an RNAseIII-containing protein, essential for the biogenesis of most mature miRNA (Babiarz et al., 2008) . Although at least one study reported Dicer as nonessential for specific miRNA processing (Cheloufi et al., 2010) , Dicer is widely accepted as a key regulator for mature miRNA biogenesis and by genetically deleting Dicer, cells can be effectively depleted of most mature miRNAs (Harfe et al., 2005) . The half-life of miRNAs in neurons varies; some miRNAs are reported to have short turnover (Krol et al., 2010b) , whereas others seem to have a long turnover time (van Rooij et al., 2007 ; for review, see Leung and Sharp, 2010) . Several conditional Dicer knock-out mouse models have demonstrated the role of miRNAs in neural development, differentiation, and survival (Kim et al., 2007; Schaefer et al., 2007; Cuellar et al., 2008; Davis et al., 2008; De Pietri Tonelli et al., 2008; Dugas et al., 2010; Haramati et al., 2010; Li and Jin, 2010; Zhao et al., 2010) . Nevertheless, such models do not allow examination of the role of miRNA, specifically in adult brain structures. Interestingly, a recent study reported mice exhibiting enhanced memory performance after tamoxifen-induced Dicer ablation in the adult forebrain, whereas signs of cell death could be identified only 20 weeks after tamoxifen-induced Cre activation (Konopka et al., 2010) . To delete Dicer specifically in cells of the adult central amygdala, we produced high-titer lentiviruses expressing either sdCre (Pfeifer et al., 2001) or GFP as a control lentivirus. Lentiviruses expressing sdCre were injected intracranially and bilaterally into the CeA of adult male mice carrying conditional Dicer alleles (Harfe et al., 2005 ; Dcr flox/flox ; Fig. 1 A) . This version of sdCre enables only a transient expression of Cre-recombinase, minimizing Creinduced toxicity (Pfeifer et al., 2001 ). R26R-YFP reporter alleles (Srinivas et al., 2001) in the genetic background of this mouse line enabled the detection of Cre-mediated recombination by the induction of YFP expression (Fig. 1 A) . Dcr flox/flox littermates injected with GFP-expressing lentiviruses served as controls. After 2 weeks of recovery, mice were tested for anxiety-like behavior using the DLT and OF tests. To eliminate locomotor deficits as an explanation for possible differences, we subsequently determined the locomotor behavior in the home cage across the circadian cycle. Only mice with histological examination confirming infection predominantly in the CeA (Fig. 2C) were included in the analysis. Mice injected with sdCre-expressing lentiviruses into the CeA (CeA-DCR-KO) showed a significant increase in anxiety-like behavior compared with control mice that were injected with GFP-expressing lentiviruses (CeA-GFP). In the DLT test, CeA-DCR-KO mice spent significantly less time in light (Fig. 1 B) , visited the illuminated chamber significantly fewer times (Fig. 1C, E, F ) , and traveled a significantly shorter distance in the light chamber (Fig. 1 D-F ) compared with CeA-GFP controls. In the OF test, CeA-DCR-KO mice spent significantly less time in the center of the arena (Fig. 1G , J, K ) and showed higher latency to enter the center (Fig. 1 H) compared with CeA-GFP controls. CeA-DCR-KO mice showed normal general locomotion compared with CeA-GFP controls, as inferred from total distance parameter in the OF test (Fig. 1 I) and from their homecage locomotion (Fig. 1 L) . Collectively, these results suggest that Normalized values are depicted as log2 ratio (stress vs control) of spot intensity plotted against average intensities across conditions (n ϭ 2, 2). The intensity of each miRNA was calculated as the average normalized intensity across biological repeats. miR-100, miR-15a, miR-15b, miR-34a, miR-34c, and miR-92a are indicated in red. miR-124, a well-established neuronal marker not affected by the stress protocol, is indicated in white. C, qRT-PCR for selected miRNA. *p Ͻ 0.05; # p Ͻ 0.1. D, Stress-responserelated predicted targets of miRNAs upregulated by stress. One hundred fifty-seven genes are common to EIMMo search for upregulated miRs and AmiGO "response to stress" annotation. Venn diagram created using Venny (http://bioinfogp.cnb.csic.es/tools/venny/index.html).
CeA miRNA processing is essential for an adequate behavioral stress response.
To better elucidate the affects of amygdalar Dicer ablation on the neuroendocrine stress response, we determined the hypothalamic-pituitary-adrenal (HPA) axis activity in AMY-DCR-KO and controls under both basal (prestress) and stress conditions. The basal morning corticosterone levels of CeA-DCR-KO mice revealed no significant difference compared with CeA-GFP control mice (Fig. 1 M) . To examine the response of the HPA axis to stress, CeA-DCR-KO and CeA-GFP controls were subjected to 30 min of restraint stress and the corticosterone levels were measured immediately after the stress and 90 and 150 min from stress initiation. No significant changes in stress-induced levels of corticosterone were observed between the groups (Fig. 1 M) .
Histological examination of infected neurons
Eight weeks after viral injection and after the behavioral and physiological examinations, mice were perfused intracardially and their brains were sectioned. Using the fluorescent reporters, lentiviral GFP for the controls, or recombination-induced YFP for sdCre infections, we confirmed the CeA infection localization ( Fig. 2A-C) . Because the sdCre-expressing lentiviral vectors do not carry a florescent reporter gene, any YFP expression observed in infected cells is a direct indication for sdCre function in these cells. Double staining for YFP and NeuN (a neuronal-specific nuclear protein) revealed dense CeA infection that consists of many infected neurons (positive for both NeuN and YFP). Nonneuronal cell types and uninfected neurons can also be found in the infection site (Fig.  2D) . A closer observation of isolated infected neurons (observed at the periphery of the infection site to allow for better detection of cell morphology) revealed that these cells survive and appear to exhibit normal gross morphology and arborization (Fig.  2E-G) . To further evaluate the neuronal morphology of neurons lacking Dicer, we prepared cortical primary culture from mice embryos carrying both conditional Dicer alleles (Dcr flox/flox ) and conditional R26R-YFP reporter alleles. After 2 weeks of growth and establishment of mature culture, cells were infected with sdCreexpressing lentiviruses. Five days after sdCre introduction, neurons exhibited intact gross morphology (Fig. 2H) . To verify that sdCreexpressing lentiviruses indeed cause the knock-out of Dicer in neurons derived from the Dcr flox/flox mouse model, RNA was extracted from primary cultures 1 week after sdCre infection. Semiquantitative RT-PCR for Dicer mRNA demonstrated a marked decrease in Dicer mRNA expression in the sdCre-infected versus non-infected control cultures (Fig. 2I,J) . It is notable that infection efficiency level was not 100% in these cultures, and therefore some Dicer mRNA could still be detected.
We further looked for signs of specific neurotoxicity caused by Dicer KO in adult CeA in the time frame examined (8 weeks after infection, after behavioral examination was completed). Infected brain sections were stained against GFAP. Some GFAP immunoreactivity was observed in the area surrounding the injection path, in both sdCRE and GFP lentiviral injections. However, no differences were found in GFAP immunoreactivity in infected CeA of AMY-DCR-KO mice and controls (Fig. 3A-D) . Also, no elevation in GFAP immunoreactivity was observed in regions of dense LV-Cre infection (Fig. 3E-G) . To further confirm that neither Cre toxicity nor lack of Dicer caused overt cell loss in the time frame examined, we quantified the density of cells in infected regions and found no difference in the density of Hoechst-stained nuclei (Fig. 3H-N ) . With these in vivo and in vitro data, we can cautiously speculate that the observed behavioral changes are mediated, at least in part, through changes in the regulation of neuronal genes associated with the behavioral response to stress and not by an induced cell death (in line with Konopka et al. 2010) . Nonetheless, we cannot rule out all possible neurodegenerative changes caused by Dicer ablation in the amygdala at the time point of behavioral and histological examinations and that any of the behavioral changes observed may be secondary to such disruptions in CeA function. To further assess the possible contribution of miRNA to the central stress re- Figure 5 . miR-34c overexpression in the CeA. A, RT-qPCR showing miR-34c upregulation 90 min after acute restraint stress in a group of mixed background mouse strain (n ϭ 2 and 2). B, RT-qPCR showing miR-34c upregulation 2 weeks following 10 d of daily social defeat stress (n ϭ 15 and 6). C, miR-34c downregulation in the DCR-KO amygdala primary culture. D, Schematic representation of the lentiviral expression plasmids used for the production of LV-miR-34c and LV-EGFP. E, Illustration of LVmiR-34c and LV-EGFP injection sites. Red circles represent the punch area used for RNA extraction. F, RT-qPCR verification of miR-34c overexpression in the amygdala 7 d after viral injection of LV-miR-34c relative to LV-EGFP control. Expression is presented as fold change relative to control levels (n ϭ 6 and 4 punches, respectively). G, Left, Schematic representation of site of delivery adapted from Paxinos and Franklin digital mouse brain atlas. Middle, Enlargement of the amygdala region corresponding to the injection site. Right, A representative microscope image of virally infected CeA, after behavioral studies. GFP expression was assessed using immunohistochemistry. RRE, Rev-responsive element; cPPT, central polypurine tract; WPRE, Woodchuck hepatitis posttranscriptional regulatory element. *p Ͻ 0.05.
sponse, we continued with more direct approaches as described below.
Differential expression of miRNAs in the amygdala after acute restraint stress and bioinformatics predictions of miRNAs target in stress-related genes
To further support the physiological relevance of miRNAs in regulating the central stress response and to identify specific miRNAs that are involved in regulating stress-related genes, we explored miRNAs expression profile in the amygdala after exposure to acute restraint stress. Mice were subjected to restraint stress for 30 min, and amygdalae were collected 90 min from stress initiation. RNA samples produced from frozen amygdala punches were hybridized onto two platforms of specialized miRNA microarray, namely Agilent and Affymetrix, and the relative expression of hundreds of miRNAs was directly compared. We found that, after acute restraint stress, miRNA expression pattern in the amygdala is altered, demonstrating up to threefold increase or decrease in the expression of several miRNAs (Fig. 4) . Among the miRNAs most affected by restraint stress, six miRNAs (from four miRNA families), namely miR-15a, miR-15b, miR-34c, miR-34a, miR-92a, and miR-100, were found to be upregulated by the stress procedure across both Agilent (Fig. 4 A) and Affymetrix platforms (Fig. 4 B) . These miRNAs were further examined using qRT-PCR (Fig. 4C) . We next used the EIMMo3 database (http://www.mirz.unibas.ch/ElMMo3/, Swiss Institute of Bioinformatics, University of Basel, Basel, Switzerland) to search for putative targets for these miRNAs. The EIMMo3 search allows for limiting targets to those mRNAs that are expressed in the amygdala. This search yielded a total of 3172 putative targets for the aforementioned miRNAs. We then searched the AmiGO gene ontology database (Carbon et al., 2009 ) to find mouse genes annotated as related to the stress response and found 1118 mouse genes annotated under the term "response to stress" (accession number GO:0006950). One hundred fiftyseven transcripts appear in both lists. These common transcripts represent putative targets of those miRNAs upregulated by acute stress that are expressed in the amygdala and are annotated as stress response related (Fig. 4 D) . Eighty-five of these genes are bioinformatically targeted by the miR-34 family.
Lentiviral-mediated overexpression of miR-34c in the CeA has anxiolytic properties
Because miR-34c has confirmed the highest induction, of ϳ3.5 fold (Fig. 4C) , we further assessed the robustness of this effect. We examined a second group of mice from a mixed background strain and indeed we confirmed miR-34c upregulation 90 min after stress (Fig. 5A) . To examine the long-lasting effect, we explored the effect of chronic social defeat stress on miR-34c expression and found miR-34c upregulation 2 weeks after the end of a 10 d social defeat stress procedure (Fig. 5B) . The upregulation of miR-34c levels in the amygdala after stress may be needed for mounting a proper stress response, may fulfill a longer-term coping mechanism, and/or be part of a homeostasis-promoting mechanism after a stressful experience. Interestingly, miR-34c levels were significantly downregulated in the DCR-KO amygdala cells (Fig. 5C) . To examine the functional significance of miR-34c upregulation after stress, we cloned the mouse genomic sequence of pre-miR-34c downstream to the enhanced synapsin promoter (Hioki et al., 2007) and upstream to a GFP reporter to establish the lentiviral expression plasmid pCSC-E/ Syn-Pre-miR-34c-EGFP (Fig. 5D) . We constructed the same plasmid without a miRNA sequence (pCSC-E/Syn-EGFP) to be used as a control. With these constructs, we produced high-titer lentiviruses enabling neuronal-enriched overexpression of miR34c and GFP (LV-E/Syn-miR-34c) or GFP alone (LV-E/Syn-EGFP). To confirm the overexpression of miR-34c in vivo, these viruses were stereotactically injected intracranially and bilaterally into the CeA of wild-type mice. RNA was produced from individual amygdala punches dissected 1 week after lentiviral injection (Fig. 5E ). RT-qPCR on individual punches confirmed an approximately fourfold overexpression of miR-34c in the amygdalae of mice injected with LV-E/Syn-miR-34c relative to mice injected with LV-E/Syn-EGFP control (Fig. 5F ). Next, we explored the behavioral consequences of miR-34c overexpression in the CeA. LV-E/Syn-miR-34c was injected intracranially and bilaterally into the CeA of adult male C57BL/6 mice. Littermates injected with LV-E/Syn-EGFP served as controls. After 2 weeks of recovery, mice were tested for anxiety-like behavior using the DLT, EPM, and OF tests. To study recovery after a stressful event, the DLT and OF tests were repeated 24 h after 30 min of acute restraint stress. We subsequently determined locomotor Figure 6 . Over-expression of miR-34c in mice central amygdala has anxiolytic properties. A-D, In the dark/light transfer test, CeA-EGFP controls show indices of increased anxiety 24 h after acute restraint stress, whereas CeA-miR-34c-OE mice behavior remains unaffected after stress (repeated-measures two-way ANOVA, asterisks represent post hoc Student's t test comparisons). At 24 h after acute restraint stress, CeA-miR-34c-OE mice (n ϭ 6) spent more time in light (A), visited the illuminated chamber more (B), traveled a significantly longer distance in the light chamber (C), and showed a longer latency to enter the light chamber compared with CeA-EGFP controls (D) (n ϭ 6). E, In the EPM test, CeA-miR-34c-OE mice traveled a significantly larger percentage of their overall distance in the open arms and spent more time in the open arms compared with CeA-EGFP controls. F, CeA-miR-34c-OE present normal home-cage locomotion compared with CeA-EGFP mice. Insets represent average light-or dark-phase locomotion over 2.5 d of testing. U, Unstressed; S, 24 h after stress. All behavioral tests were administered 2-7 weeks after viral injection. Bars represent mean Ϯ SEM. *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.005; # p Ͻ 0.1.
behavior in the home cage across the circadian cycle. Only mice of which the histological examination confirmed infection predominantly in the CeA (Fig. 5G) were included in the analysis. Mice injected with LV-E/Syn-miR-34c into the CeA (CeA-miR34c-OE) showed reduced anxiety-like behavior compared with control mice that were injected with GFP-expressing lentiviruses (CeA-EGFP; Fig. 6 ). In the DLT test, repeated-measures two-way ANOVA followed by post hoc Student's t test comparisons revealed the following: 24 h after acute restraint stress, the CeA-EGFP controls show indices of increased anxiety compared with their behavior under unstressed conditions, whereas the behavior of CeA-miR-34c-OE mice was unaffected by the acute stress. At 24 h after acute restraint stress, CeA-miR-34c-OE mice visited the illuminated chamber more (Fig. 6 B) , traveled a longer distance in the illuminated chamber (Fig. 6C) , and had a shorter latency to enter the illuminated chamber (Fig. 6 D) compared with CeA-EGFP controls. In a more stressful paradigm, the elevated plus maze (mice underwent the EPM procedure only once without an additional acute stress), CeA-miR-34c-OE mice traveled a significantly larger percentage of their overall distance in the open arms and spent more time in the open arms compared with CeA-EGFP controls (Fig. 6E) , further supporting an anxiolytic effect for miR-34c-OE under challenge. These effects cannot be attributed to a general elevation in locomotion because CeA-miR-34c-OE mice present normal home-cage locomotion compared with CeA-EGFP controls (Fig.  6 F) . No significant differences were observed between the groups in the OF test under basal or stress conditions (data not shown). Collectively, these results suggest that miR-34c overexpression in the CeA has anxiolytic properties, which are more pronounced after a stressful event.
miR-34c targets corticotropin releasing factor receptor type 1 via a single-seed complementary site on the 3 UTR of the receptor transcript Intriguingly, one of the stress-related putative targets of miR-34 is the CRFR1 transcript, which is highly expressed in the amygdala and was demonstrated to increase anxiety-like behavior after pharmacological administration of the stress neuropeptide CRF (Heinrichs and Koob, 2004) . The mouse CRFR1-3Ј UTR is 995 bases long. When the vertebrate orthologs of CRFR1 transcript are compared (http:// targetscan.org), only one broadly conserved miRNA binding site is found on CRFR1-3Ј UTR. This site complements to the seed sequence of miR-34 family of miRNAs (Fig.  7A) . We further characterized this putative interaction between miR-34c and the 3Ј UTR of CRFR1. Toward this end, an intact or mutated form of CRFR1-3Ј UTR (in which the seed match of miR-34c is absent) were cloned downstream of the luciferase gene in the PsiCHECK-2 expression plasmid (Promega; Fig. 7B ). miR-34c overexpression plasmid was constructed by cloning the mouse pre-miR-34c genomic sequence between the CMV promoter and the EGFP sequence in the pEGFP-N1 plasmid (Clontech). We have verified the ability of this plasmid to induce miR34c overexpression in HEK293T cells by RT-qPCR (Fig. 7C) . HEK293T cells were cotransfected with the PsiCHECK-2-CRFR1-3Ј UTR vector and either the miR-34c overexpressing plasmid or a control pEGFP plasmid. miR-34c overexpression caused a 20% decrease in luciferase activity compared with a control pEGFP cotransfection (Fig. 7 D, E) . We also examined the ability of another miR-34 family member, miR-34a, to regulate the expression of CRFR1 and found that miR-34a also cause an inhibition of up to 40% in luciferase expression (Fig. 7D) . The effect of miR-34c is caused directly via recognition of the seed match on CRFR1-3Ј UTR because a mutated form of CRFR1-3Ј UTR, lacking the seed match for miR-34, failed to induce this inhibition (Fig. 7E) .
To investigate whether miR-34 indeed functionally regulates CRF responsiveness, we studied the activation of cAMP signaling downstream to CRFR1 ligand-mediated activation. The mouse neuroblastoma N2a cells were confirmed to endogenously ex- Figure 7 . miR-34c regulates the expression of corticotropin releasing factor receptor type 1 via one seed match on its 3Ј UTR. A, CRFR1 3Ј UTR is 995 bases long and carries one conserved miR seed match. Interspecies alignment of a 70 base sequence including the miR-34 seed match demonstrates its conservation among mammals (adapted from www.targetscan.org). B, Illustration of intact (top) and mutant (bottom) PsiCHECK-2-CRFR1-3Ј UTR luciferase constructs. C, In vitro validation of miR-34c overexpression after transfection of HEK293T cells with pEGFP-miR-34c. D, E, Luciferase activity measured in HEK293T cells cotransfected with miR-34c-EGFP overexpressing, miR-34a-EGFP overexpressing, or GFP-expressing plasmid and a luciferase reporter plasmid carrying either an intact (D) or mutant (D, E) form of CRFR1-3Ј UTR. Renilla luciferase activity was normalized by firefly luciferase expression levels and presented as percentage of activity achieved by the mutant form of CRFR1-3Ј UTR at the presence of miR-34c overexpression. CRFR1-3Ј UTR mut , Mutated from of CRFR1 3Ј UTR lacking the seed match for miR-34; UTR, untranslated region; CMVp, cytomegalovirus promoter; pA, SV40 polyadenylation signal. **p Ͻ 0.01. press CRFR1 but not CRFR2 (Fig. 8 A, B) and were lentivirally infected to stably express EGFP, pre-miR-34c/EGFP, or pre-miR34a/EGFP under the control of the enhanced synapsin promoter. We have verified the overexpression of miR-34c in N2a cells by RT-qPCR (Fig. 8C) . Stably infected cells were further transfected with a luciferase reporter vector whereby a fragment of the EVX1 gene, which contains a potent cAMP response element (cAMP-RE), drives the expression of the luciferase gene (Conkright et al., 2003) (Fig. 8 D) . This reporter is responsive to cAMP increase in cells after activation of certain types of G S -protein-coupled receptors such as CRFR1 (Vita et al., 1993) . At 24 h after transfection, cells were treated with either vehicle or CRF (30, 150, and 300 nM) for 5 h, and luciferase levels, reflecting activation of CRFR1 signaling, were measured. N2a cells show basal luciferase activity, which is identical for miR-34c overexpressing and GFPexpressing cells. However, N2a cells show a dose-dependent CRF-induced elevation in luciferase activity, which was reduced ϳ40% in miR-34c overexpressing cells (Fig. 8 E) and up to ϳ25% in miR-34a overexpressing cells (Fig. 8 F) compared with GFPexpressing cells, across all CRF concentrations used.
Discussion
Here we show that Dicer ablation in the CeA of adult mice induced an increase in anxiety-like behavior. We further found several miRNA upregulated after exposure to acute stress. One of these miRNA, miR-34c had anxiolytic properties when lentivirally overexpressed in the CeA. Furthermore, miR-34a and miR34c reduced the CRF responsiveness of CRFR1-expressing cells, and miR-34c was found to regulate CRFR1 transcript via a single evolutionary conserved seed match on its 3Ј UTR.
miRNA have been studied extensively in recent years and are suggested to play a major role in cell fate determination. The involvement of miRNAs in adult, non-malignant neural processes, such as the fine regulation of gene expression, essential for the adjustment of the cell and organism to the dynamic cellular and physiological conditions, is far less understood (Aumiller and Forstemann, 2008; Schratt, 2009) . Here, we show that CeA adult neurons, depleted of Dicer in vivo, survive for up to 8 weeks after infection. This finding is in line with a recent study reporting a conditional Dicer KO in the forebrain of mature mice, in which signs of cell death were detected only 20 weeks after Cre induction (Konopka et al., 2010) . In addition, previous work suggests that Dicer loss of function does not drive all neurons into apoptosis . Reports regarding the effect of Dicer ablation in the forebrain at different developmental and postnatal time points, using different CaMKIIa-Cre lines, demonstrate phenotypes with differing degrees of severity. When Dicer is ablated at a later time point [E15.5 , P18 (Hébert et al., 2010) , 8 -10 weeks (Konopka et al., 2010) ], the phenotype that arises becomes more moderate and degeneration is delayed. Therefore, whereas miRNA biogenesis seems to be critical for the survival of developing or young neurons, the time course from Dicer ablation to degeneration may be different for fully functional mature neurons, perhaps because of differences in response of mature neurons to cell cycle initiation (Herrup and Yang, 2007) or via the long half-life of some essential miRNAs (van Rooij et al., 2007) . Nonetheless, in the current study, we cannot rule out all possible neurodegenerative changes caused by Dicer ablation in the amygdala at the time point of behavioral and histological examinations and the contribution of such changes to the observed behavioral phenotype. Also, because we did not follow the behavioral or histological consequences of CeA Dicer ablation beyond the time point of 8 weeks after Cre induction, we cannot estimate at what time point degeneration may become prominent.
CeA-DCR-KO mice demonstrated heightened anxiety-like behavior but general locomotion was not affected. Of interest, corticosterone levels were not affected by the procedure, suggesting that the behavioral effects of CeA miRNA disruption are mediated by central and/or autonomic mechanisms rather than via the HPA axis. These data are in line with previous reports regarding BLA rather than CeA effect on HPA axis (Prewitt and Herman, 1997; Ulrich-Lai and Herman, 2009) . Interestingly, recent studies have suggested miRNA regulation of glucocorticoid receptor protein levels in vitro (Uchida et al., 2008; de Kloet et al., 2009 ). Our results could be explained in part by glucocorticoid receptor upregulation in the amygdala, an interesting possibility that can be further examined in future studies. Collectively, miR- Figure 8 . miR-34 functionally regulates CRF responsiveness of N2a cells that endogenously express CRFR1. A, RT-PCR for CRFR1, CRFR2, and HPRT on RNA produced from N2a murine neuroblastoma cell line (N2a), HT22 murine hippocampal cell line (HT22), and mouse muscle biopsies (Muscle). B, RT-qPCR for CRFR1 in N2a cells or amygdala punches, normalized by HPRT levels. Expression is presented as fold change relative to CRFR1 levels in the amygdala. Levels of CRFR1 mRNA in HT22 used as negative control are undetectable after 40 PCR cycles. N.D, Nondetected. C, In vitro example of miR-34c overexpression in N2a cells after stable infection with LV-E/Syn-miR-34c, measured by qRT-PCR. D, Illustration of the cAMP-RE-firefly luciferase construct. E, F, Luciferase activity measured in N2a cells stably infected with either LV-E/Syn-EGFP (E, F, gray bars), LV-E/Syn-miR-34c (E, white bars), or LV-E/Syn-miR-34a (F, white bars) and transfected with a firefly luciferase reporter plasmid driven by a cAMP-RE. A Renilla luciferase vector served as normalizer. Firefly luciferase activity was normalized by Renilla luciferase expression levels and presented as fold change relative to basal luciferase activity (BSA treatment). cAMP-RE, A fragment of the EVX1 gene, which contains a potent cAMP response element. **p Ͻ 0.01, ***p Ͻ 0.005.
NAs are believed to regulate up to one-third of the genome . Dicer depletion, affecting a full repertoire of miRNAs, is an extensive and severe manipulation, and the behavioral and genetic alterations caused by this manipulation probably represent the summation of many primary and secondary molecular effects rather than any specific alteration of a single biological process. Thus, identifying specific miRNAs that respond to stressful manipulation and determining their target genes may allow us to dissect the role of these miRNAs in regulating the central stress response. To that end, we have shown that acute stress alters miRNA expression pattern in the amygdala, with up to threefold increase or decrease in the expression of several miRNAs 90 min after stress initiation. One should bear in mind that the amygdala is not a homogeneous tissue, so that only a subset of cells is expected to be stress responsive. Therefore, we assume that any differential expression values obtained in these experiments underestimate the true changes within stress-responsive cells. We further used bioinformatic tools for the analysis of six upregulated miRNAs and have shown that these miRNAs potentially regulate the expression levels of a group of stress-related proteins. One of these predicted interactions is between miR-34c and the stress-linked CRFR1 transcript. We verified the upregulation of miR-34c after stress and demonstrated that lentiviral-induced miR-34c overexpression in the central amygdala has anxiolytic properties, which are more pronounced after a stressful challenge. Although informative, overexpression of any gene product or pharmacological substance may have a secondary rather than a physiologically relevant effect. Future research studying specific knockdown of miR-34c in the CeA using antisense oligonucleotides or lentiviral vectors may further elucidate the physiological role of miR-34c in stress-induced anxiety.
Data from in vivo pharmacological experiments demonstrated anxiogenic-like behavioral effects of CRF administration and anxiolytic-like activity of CRFR1-selective antagonists, establishing a role for CRF/CRFR1 system in the pathophysiology of anxiety-related disorders (Arborelius et al., 1999; Holsboer, 1999; Holmes et al., 2003; Heinrichs and Koob, 2004; Zorrilla et al., 2004; Bale, 2005; de Kloet et al., 2005; McEwen, 2005) . In addition, limbic-specific conditional CRFR1 knock-out mice display decreased anxiety-like behavior, which is independent of the HPA axis activity (Müller et al., 2003) .
We have shown that miR-34c and miR-34a modulates cell responsiveness to CRF and that it may do so via interaction with a single evolutionary conserved seed match on CRFR1 3Ј UTR. Interestingly, previous work had shown that CRFR1-3ЈUTR polymorphism may be correlated with panic disorder in humans (Keck et al., 2008) . Intriguingly, basal hippocampal miR-34c levels in different mouse strains were found to correlate with measures of anxiety-like behavior, which were characterized previously for these mouse strains (Parsons et al., 2008) . miR-34a was also found to be downregulated in the hippocampus of rats after treatment with mood stabilizers (Zhou et al., 2009 ). Collectively, these data support a role for the miR-34 family of miRNA in regulating genes that mediate the behavioral changes associated with the central stress response, within several brain regions. miR-34 family predicted targets also include other stress-related proteins [including metabotropic glutamate receptor 7 (Zhou et al., 2009) , 5-hydroxytryptamine (serotonin) receptor 2C, GABA A receptor ␣4, and brain-derived neurotrophic factor], suggesting that the miR-34 family of miRNA may play a role in regulating several amygdalar genes that collectively modulate the behavioral response to stress.
The miR-34 family of miRNA has been previously associated with cancer, in which they appear to act as tumor suppressor genes via their interaction with P53 (Corney et al., 2007; He et al., 2007a,b; Raver-Shapira et al., 2007; Yamakuchi et al., 2008; Yamakuchi and Lowenstein, 2009) . It is reasonable nonetheless to speculate that miRNA harboring cell-cycle-related functions in dividing and differentiating cells may have evolutionally acquired additional roles in terminally differentiated postmitotic cells such as neurons (for a similar view, see Frank and Tsai, 2009) .
We propose that miRNAs may contribute to restoration of homeostasis in stress-responsive circuits by their involvement in regulating the expression of proteins that are elevated after challenging experiences. Without the ability to control the levels of these "homeostasis guards," the stress response may extend beyond beneficial levels, whereas elevated levels of these mediators may prove protective. Future studies will be required to establish this hypothesis and determine the identity of other stressmodulating miRNAs and their targets, in various cell populations in the adult brain. Such findings may lead to the development of novel treatments for anxiety disorders and depression and other stress-related psychiatric and physiological conditions.
